Cyclooxygenases (COX), commonly upregulated in numerous cancers, generate prostaglandin E 2 (PGE 2 ), which has been implicated in key aspects of malignant growth including proliferation, invasion and angiogenesis. Recently, we showed that production of PGE 2 by cancer cells dominantly enables progressive tumor growth via immune escape and that cyclooxygenase inhibitors synergize with immunotherapy to enhance tumor eradication.
The remarkable recent success of certain type of immunotherapies such as those based on immune checkpoint blockade 1 is testament to the notion that the immune system can act as a barrier to a wide range of malignancies. This has led, in turn, to a renewed interest in understanding the basis for cancer immune evasion. Identifying the mechanism/s underlying how cancer cells avoid immune control is fundamental for cancer treatment, especially as a marked fraction of patients fails to respond to immune-based therapies. In our recent study, "Cyclooxygenasedependent tumor growth through evasion of immunity," 2 we demonstrate that COX-driven production of PGE 2 by cancer cells enables immune escape and progressive tumor growth and show that this has therapeutic implications for cancer treatment.
Clinically apparent cancers are able to grow aggressively and invasively despite the presence of a seemingly functional immune system. The immunoediting theory posits that this characteristic is not due to an intrinsic inability of the immune system to detect oncogenically transformed cells but the result of a Darwinian process whereby the immune system selects for less immunogenic cancer cells. 3 The immunogenic potential of tumor cells, as for any other entity, depends on antigen and adjuvant determinants. 4 Low immunogenicity due to reduced antigenicity as a consequence of lack or loss of tumor antigens is a well-established mechanism of immunoediting. [5] [6] [7] Adjuvanticity, that is, the ability of an antigenic stimulus to induce an immune response, has been less well studied in terms of cancer immunoediting. Adjuvant activity correlates with the ability to trigger innate immunity and induce activation of dendritic cells (DCs). Therefore, cancer cell traits that suppress or subvert DC activation are likely to contribute to decreased cancer immunogenicity and might constitute attractive therapeutic targets.
With this in mind, we set out to investigate the immunogenic properties of a cell line established from an autochthonous melanoma mouse model driven by the most common recurring mutation found in melanoma patients, a glutamic acid substitution for valine at position 600 of the B-RAF kinase (Braf V600E ). 8 We speculated that cancer cells isolated from a genetically engineered cancer-prone mouse with an intact immune system must have escaped immune surveillance and possess attributes that allowed them to avoid immune-mediated destruction. In agreement with our hypothesis, Braf V600E cells taken from cancer-bearing mice formed equally progressive tumors in T/B cell-sufficient or -deficient syngeneic mice underscoring their poor immunogenicity.
We went on to find that factors produced or released by Braf V600E cells had very potent immunomodulatory potential on mixed cultures of DCs and macrophages, which included the ability to directly induce the production of various tumorpromoting cytokines and chemokines such as IL-6, G-CSF or CXCL1. These effects could be attributed to PGE 2 secretion by the melanoma cells following its synthesis through a canonical pathway dependent on the activity of COX and prostaglandin E synthases (PGES). Further in vitro and in vivo studies revealed that cancer cell-derived PGE 2 was critical for the progressive growth of tumors formed by Braf V600E cells but also Nras G12D -driven melanoma, colorectal and breast cancer cell lines. Abrogation of the ability of cancer cells to produce PGE 2 by means of genetic ablation of COX or PGES using CRISPRCas9 technology invariably and markedly impaired their potential for sustained growth in immunocompetent mice (Fig. 1) . However, the COX-or PGES-deficient cells were able to grow in immunodeficient hosts indistinguishably from parental cells. This suggests that PGE 2 production by tumor cells is primarily aimed at escaping adaptive immunity, which is unexpected given that it has been thought to be necessary for tumor cell proliferation, survival and angiogenesis. 9 Finally, mice that rejected COX-deficient cancer cells were largely resistant to challenge with parental tumors indicating that PGE 2 suppresses immunity rather than creating immune privilege.
COX deficiency in cancer cells was associated with a marked shift in the inflammatory signature at the tumor site characterized by lower expression of cancer-promoting factors and concomitant increase in several mediators typically associated with antitumor immunity. The latter included increased accumulation of IL-12-producing Batf3-dependent CD103 C DCs providing further evidence that PGE 2 suppresses anticancer immunity (Fig. 1) . Thus, a COX signature in tumor biopsies might constitute a biomarker of lessened immune control, which could perhaps be utilized to predict unresponsiveness to immunotherapy.
The drastic effects of genetically ablating PGE 2 production by tumors prompted us to assess whether pharmacological intervention might achieve similar results. Given the genetic evidence indicating the necessity of completely blocking PGE 2 synthesis before establishment of immune control could be observed, we did not expect COX inhibitors to be effective by themselves. However, even incomplete COX inhibition by drugs might be sufficient to potentiate immune-dependent control. Indeed, we found that giving mice COX-inhibitors, such as aspirin or celecoxib, together with anti-PD-1 blocking antibody synergistically promoted adaptive immune-mediated control of COX-competent cancers. These preclinical data suggest that COX-inhibitors could be useful to enhance the efficacy of anticancer immunotherapy. This prediction will now need to be tested in the context of a clinical trial and adds to the interest in assessing the efficacy of aspirin as a cancer chemopreventive agent.
